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ABSTRACT 
 
Hybrid simulation is a cost-effective cyber-physical testing technique, in which computational models and 
physical components are integrated at run-time. This method can be viewed as conventional finite element 
analysis, where physical models of some portions of the structure are embedded in the numerical model. In such 
a way, the errors related to the simplification of the theoretical modeling of complex nonlinear structures or 
subassemblies can be effectively mitigated as they are tested physically in the lab. This paper introduces 
Australia’s first hybrid testing facility, referred to as the Multi-Axis Substructure Testing (MAST) system, 
which is capable of simulating the complex three-dimensional time-varying boundary effects on large-scale 
structural components. The MAST system is unique in Australasia and is capable to serve the research 
community and practice, nationally and internationally. An application of the MAST system to investigate the 
performance of a CFRP-repaired limited-ductile RC column under sequential ground motions from linear-elastic 
response range through collapse is also presented. 
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INTRODUCTION  
 
The reliable prediction of nonlinear behavior of structures such as buildings and bridges and their failure 
mechanics under extreme loads, especially earthquake loading, poses significant challenges in structural 
engineering. Researchers implement various methods for studying the behavior of structures under such loading 
condition. The most common method is to use computational methods and computer simulations. Nowadays, 
dynamic analysis of complex structures can be efficiently computed utilizing different available software. The 
cost of computation has been continuously reduced and now very complicated and detailed numerical 
simulations are possible on personal computers. However, for many components or materials, failure modes are 
still not well-understood. In such cases, numerical analyses and simulations may not be reliable since more 
detailed and complex properties are needed for the critical components to obtain meaningful results. In these 
cases, experimental testing of structures predict their nonlinear behavior in a more accurate and realistic manner. 
However, testing the entire structure may not be necessary and could be expensive and time consuming. Hybrid 
simulation is a cyber-physical procedure that combines classical experimental techniques, with online computer 
simulation and provides a cost-effective platform for large-scale testing of structures under simulated extreme 
loads.  
 
Hybrid simulation can be viewed as conventional finite element analysis, where physical models of some 
portions of the structure are embedded in the numerical model. In such a way, the errors related to the 
simplification of the theoretical modeling of complex nonlinear structures or subassemblies can be effectively 
mitigated as they are tested physically in the lab. This method is based on splitting the structure considered into 
two or more substructures and conducting separate analyses on each part, while making sure the interface 
constraints are continuously verified both in terms of deformation-compatibility and force-equilibrium 
conditions. The part of the structure that can be reliably modeled numerically, either because they have a simple 
behavior or because they are not considered being critical for the analysis conducted, is numerical substructures. 
The part of most interest that are physically tested, either because they are critical to the safety and performance 
of the structure or a high degree of nonlinearity is expected, is called the experimental substructure. The 
combination and interactions of the two substructures form a hybrid model of the complete structure of interest. 
To illustrate this process for the various types of substructures in hybrid simulation, an example is presented for 
a multi-story concrete structure. Utilizing the hybrid simulation technique, the first-story corner-column that is 
typically the critical element can be constructed and physically tested in the lab and the remaining parts of the 
structure, inertia and damping forces and gravity, dynamic loads and the second order effects can be reliably 
modeled in the computer (Fig.1). 
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Figure 1. Hybrid simulation technique 
 
Hybrid simulation was originated as the computer-actuator online system by Takanashi et al. (1975) or the 
pseudo-dynamic testing method (Mahin and Shing, 1985; Nakashima et al., 1992). During the late 1970s, 1980s, 
and early 1990s, efforts in Japan and the United States were undertaken to expand the capabilities and validation 
of the hybrid simulation. A comprehensive review of the hybrid response simulation method is presented by 
Saouma and Sivaselvan (2008). According to a report developed by the U.S. earthquake engineering 
community, hybrid simulation capabilities are a major emphasis of the next generation of earthquake 
engineering research (Dyke, 2010). 
 
This paper introduces Australia’s first hybrid testing facility, referred to as the Multi-Axis Substructure Testing 
(MAST) system, which is capable of simulating the complex three-dimensional time-varying boundary effects 
on large-scale structural components. The MAST system is unique in Australasia and is capable to serve the 
research community and practice, nationally and internationally. An application of the MAST system to 
investigate the performance of a Carbon-Fiber Reinforcement Polymer (CFRP)-repaired limited-ductile 
reinforced-concrete (RC) column under sequential ground motions from linear-elastic response range through 
collapse is also presented.  
 
AUSTRALIA’S FIRST HYBRID TESTING FACILITY 
 
The hybrid testing facility is located in the Smart Structures Laboratory at Swinburne University of Technology, 
Melbourne, Australia. The $15million laboratory is a major three-dimensional testing facility developed for 
large-scale testing of civil, mechanical, aerospace and mining engineering components and systems and the only 
one of its type available in Australia. The laboratory includes a 1.0m thick strong floor measuring 20m×8m in-
plan with two 5m tall reaction walls meeting at one corner and a suite of hydraulic actuators and universal 
testing machines varying in capacity from 10tonnes to 500tonnes. The laboratory is serviced by adjacent 
workshops and a hydraulic pump system located in the basement. The facility is housed in the architecturally 
striking Advanced Technologies Centre and features transparent walls, allowing passers-by to watch researchers 
and scientists at work. 
 
The hybrid simulation system at Swinburne consists of several components including software and hardware 
that allow for hybrid testing in various configurations. Currently, the experimental hybrid procedures include 
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scaled-time hybrid simulation (pseudo-dynamic) with substructuring but can be extended to real-time hybrid 
simulation and effective force testing. An advanced hardware configuration has been set up to ensure a strong 
coupling and a very high-speed data communication between the servo-controllers and the main computer 
solving the equation of motion. Hybrid simulation frameworks include:  
 
1. Multi-Axis Substructure Testing (MAST) system for three-dimensional large-scale structural systems and 
components. 
2. 1MN universal testing machine that is suitable for developers and proof-of-concept tests. 
3. Generic actuator configuration system for substructure hybrid simulation tests at system level. 
 
The key components and specification of the MAST system is presented next. 
 
Multi-Axis Substructure Testing (MAST) System 
 
Multi-directional loading on structural components has been performed before in the George E. Brown Jr. 
Network for Earthquake Engineering Simulation (NEES) facilities in U.S., including the Multi-Axial Sub-
assemblage Testing Laboratory located at University of Minnesota, Minneapolis [6] that has been used in quasi-
static tests and the Multi-Axial Full-Scale Sub-Structure Testing and Simulation facility at the University of 
Illinois at Urbana-Champaign [7-8] that has been used in displacement control hybrid simulation experiments. 
These systems have the capacity for large-scale testing and the ability to control multiple DOFs at the boundary 
of physical specimen. Building on the same concept, the Multi-Axis Substructure Testing (MAST) system at 
Swinburne University of Technology has been established to provide a state-of-the-art facility for mixed-mode 
large-scale quasi-static cyclic testing and local/geographically-distributed hybrid simulation experiments (Fig.2). 
The key components of the 6-DOF testing facility are:  
 
1. Four ±1MN vertical hydraulic actuators and two pairs of ±500kN horizontal actuators in orthogonal 
directions. Auxiliary actuators are also available for additional loading configurations on the specimen 
(Fig.3 and Table 1). 
2. A 9.5tonne steel crosshead that transfers the 6-DOF forces from the actuators to the specimen. The test 
area under the crosshead is approximately three meters cubed. 
3. An advanced servo-hydraulic control system capable of imposing simultaneous 6-DOF states of 
deformation and load in switched and mixed mode control.  
4. A reaction system composed of an L-shaped strong-wall (5m tall × 1m thick) and 1m thick strong-floor.  
5. An advanced three-loop hybrid simulation architecture including: servo-control loop that contains the MTS 
FlexTest controller (inner-most loop), the Predictor-Corrector loop running on the xPC-Target real-time 
digital signal processor (middle-loop) and the Integrator loop running on the xPC-Host ( the outer loop).  
6. Additional high-precision draw-wire absolute encoders with the resolution of 25microns that can be 
directly fed back to the controller. 
 
 
Figure 2. MAST system in Smart Structures Laboratory at Swinburne 
1240
  
a) Actuator assembly: plan-view b) Actuator assembly: side-view 
 
Y3 
Y4 
X2 X1 
Z4 
Z1 
Z3 
Z2 
Control 
Point 
a) ct t  l : la -vie   t ator assembly: side-view 
Figure 3. Actuator assemblies in the MAST system 
Table 1. Actuators and DOF specifications 
MAST Actuators Capacity 
Actuator Vertical Horizontal Auxiliary 
Model MTS 244.51 MTS 244.41 2 MN 
250 kN 
100 kN 
25 kN 
10 kN 
(Qty. 1) 
(Qty. 4) 
(Qty. 3) 
(Qty. 3) 
(Qty. 1) 
Quantity 4 (Z1, Z2, Z3, Z4) 4 (X1, X2, Y3, Y4) 
Force  
Stall Capacity ± 1,000 kN ± 500 kN 
Static ± 250 mm ± 250 mm 
Dynamic ± 150 mm ± 150 mm 
Servo-Controller MTS FlexTest 100 
MAST DOFs Capacity (non-concurrent) 
DOF Load Deformation Specimen Dimension 
X 1 MN ± 250 mm 3.00 m 
Y 1 MN ± 250 mm 3.00 m 
Z 4 MN ± 250 mm 3.25 m 
Rx (Roll) 4.5 MN.m ± 7 degrees  
Ry (Pitch) 4.5 MN.m ± 7 degrees  
Rz (Yaw) 3.5 MN.m ± 7 degrees  
 
MAST Reaction System 
 
The design of the crosshead in the form of a cruciform was undertaken independently by Swinburne University 
in collaboration with Hofmann Engineering Pty. Ltd. (Hofmann, 2013). Nonlinear finite element simulations 
were performed to optimize the design of the MAST steel cruciform. The model included all relevant details 
such as: holes for base plate connections and stiffener plates. Zones of weakness at weld connections were 
considered by modeling local elements of lower strength/stiffness in the vicinity of welds. Four load cases were 
considered to induce the highest possible flexure, shear and torsion within the structure (Fig.4a) 
 
The design of the strong wall/floor was undertaken independently by Waterman International Consulting 
(Waterman, 2010) engineers in collaboration with Swinburne University. The 3D strong-cell contains a grid of 
tie down points 0.5m apart to secure the test specimens in place. The 6-DOF hybrid testing facility introduces an 
array of possible loading conditions to both the strong floor and reaction wall. 3D solid models were constructed 
to assess the maximum load that may be applied to the reaction wall in any given configuration without 
exceeding the tensile strength of the concrete. Over 100 load configurations were constructed to determine 
maximum allowable wall loading in any given scenario (Fig.4b).  
 
MAST Control System 
 
The movement of the MAST crosshead is governed by the collective movement of four vertical and four 
horizontal actuators. To create a desired crosshead movement, actuators are time synchronized using a DOF 
control concept (Thoen, 2013). This concept allows the user to control system motion in a coordinate domain 
1241
most natural to the test. With multiple actuators positioning the crosshead, it is impractical to control the system 
by individually controlling each actuator. Therefore, the MTS controller (MTS, 2014) has been programmed to 
simultaneously control the 6-DOF movement of the crosshead at its datum point, where it is attached to the 
specimen. In DOF control, the feedbacks for each loop are determined by summing together all individual 
feedbacks that contribute to that specific DOF, and each actuator drive-signal is determined by summing 
together all individual DOF error signals that are affected by that actuator. In addition, the MAST system 
features mixed-mode control, allowing users to specify the displacement or force required for the desired 
direction of loading to test large-scale structural components. 
 
Also, since the MAST system has eight actuators operating to control 6 DOFs, it is over-constraint. Therefore, 
in order to manage this redundancy in the actuation system, the controller uses force balance compensation. 
Since the crosshead is designed to have a very high stiffness, tiny offsets in actuator position can generate large 
distortion forces. The force imbalances can seriously limit the performance of the system when applying large 
forces to the specimen. Force wasted in distorting the crosshead, with actuators working against each other, is 
the force not available to apply to the test specimen. Force balance compensation corrects for this by ensuring 
that the force is distributed equally among all driving actuators. Further, in order to improve the displacement 
control resolution in the hybrid simulation of stiff and strong physical specimens, in addition to the actuator’s 
LVDT, the system uses additional high-precision draw-wire absolute encoders (SICK, 2014) with 
25micrometers precision for displacement feedback.  
 
  
a) FE-model of the crosshead 
                           
b) FE-model of the strong wall/floor 
Figure 4. FE analysis for MAST reaction systems 
 
1242
Hybrid Simulation Architecture 
 
The hybrid simulation control system at Swinburne uses xPC-Target and consists of a three-loop architecture 
(Stojadinovic et al., 2006), which is depicted in Figure 5. The innermost servo-control loop contains the MTS 
FlexTest controller that sends displacement/force commands to the actuators while reading back measured 
displacements/forces. The displacements are measured from both the actuator LVDTs and the additional high-
precision draw-wire absolute encoders. The middle loop runs the Predictor-Corrector actuator command 
generator on the xPC-Target (Mathworks., 2009) real-time digital signal processor (DSP) and delivers the 
displacement/force commands to the FlexTest controller in real-time through the shared memory SCRAMNet 
(Systran, 2004). Finally, the outer integrator loop runs on the xPC-Host and includes OpenSees (McKenna, 
2011), MATLAB (Mathworks., 2009) and OpenFresco (Schellenberg et al., 2009) that can communicate with 
the xPC-Target through TCP/IP network.  
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Figure 5. Hybrid simulation architecture 
 
 
APPLICATION OF HYBRID SIMULATION IN PERFORMANCE-BASED ASSESSMENT OF A 
CFRP-REPAIRED LIMITED-DUCTILE REINFORCED-CONCRETE COLUMN 
 
The MAST system was used in application for seismic performance-based assessment of a CFRP-repaired 
limited-ductile RC column. The test specimen was previously damaged in hybrid simulation of a half-scale 
symmetrical five-story (h1=2.5m, htyp=2.0m) five-bay (b=4.2m) RC ordinary moment frame building, which was 
designed for Melbourne. The RC column is 2.5m high with a square 250mm×250mm cross-section and 30mm 
cover thickness. The compressive strength of the concrete is 35MPa and the specimen is reinforced with 4 
longitudinal bars of N16 (reinforcement ratio = 1.28%) and tied with R6 stirrups spaced at 175mm. 
 
Figure 6 shows hybrid simulation components including numerical and experimental substructures. The 
experimental substructure consisted of the first-story corner-column while the rest of the structural elements, 
inertia and damping forces, gravity and dynamic loads and second-order effects were modelled numerically in 
the computer. The frame’s beams and columns were modelled using beam-with-hinges element (Scott and 
Fenves, 2006), where the nonlinear behaviour is demonstrated by using a distributed-plasticity concept that 
occurs in a finite-length near both ends. The plasticity model followed peak-ordinated hysteresis response based 
on the Modified Ibarra-Medina-Krawinkler (IMK) deterioration model for the flexural behaviour (Ibarra et al., 
2005). The IMK model parameters were calibrated using the results of quasi-static tests and empirical equations 
provided by Haselton et al. (2008).  
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In the initial hybrid simulations the structure was subjected to biaxial ground motions, which were the two 
components of Imperial Valley 1979 El Centro station with peak ground acceleration of 0.15g. Figure 7 shows 
the acceleration, displacement and acceleration-displacement response spectra of the ground motion components. 
Four levels of ground motions were used for initial hybrid simulations to cover the structure’s response from 
linear-elastic range through collapse. The scale factors for the level of intensities were 0.6, 4.0, 8.0, 9.0 that 
pushed the structure to nearly 0.25%, 2.0%, 4% and 6% maximum inter-story drift ratio, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OpenFresco xPC Target FlexTest Controller 
OpenSees 
CTRL  
DAQ  
Figure 6. Hybrid simulation components including numerical and experimental substructures 
  
 
a) Accel. RS b) Disp. RS c) ADRS 
Figure 7. Response spectra for biaxial ground motions of Imperial Valley 1979 
 
The damaged column contained localized zones of spalled and fractured concrete, horizontal and inclined 
cracking and bent longitudinal reinforcement at each end of the column. The repair methodology involved: (1) 
removal of all spalled and fractured concrete; (2) crack injection of any cracks greater than 0.3mm (3) 
reinstatement of damaged concrete with a suitable repair mortar and (4) wrapping of the column with FRP. 
Visual inspection and light tapping using a rubber hammer was used to identify and remove fractured concrete. 
Cracks that required injection were identified and labeled. Epoxy injection ports were drilled into the concrete 
directly over the crack and bonded to the surface with epoxy resin. The surface of the crack was sealed and the 
injection carried out using Sikadur® 52 high-strength adhesive. After hardening of the sikadur 52, the injection 
ports were cut and a repair mortar was used to replace the damaged concrete. BASF MasterEmaco® S 5300, 
which is a polymer modified structural repair mortar was used for this purpose. The average compressive 
strength of the repair mortar at the test date was based on the results of three 50×50mm cubes was 41.9 MPa. 
The mortar was tested in accordance with ASTM C109 (American Society for Testing and Materials, 2011). 
  
The CFRP wapping was applied over a 600mm length at each end of the column in regions corresponding to the 
maximum moment, three days after the crack injection was performed. The concrete in these regions was 
confined using three layers of MBrace CF130 unidirectional carbon fiber sheet. The CFRP was expected to 
provide a passive confinement pressure, thereby increasing the compressive strength of concrete with applied 
load. Furthermore, the orientation of the fibers was parallel to the existing steel stirrups and was expected to 
significantly increase the shear capacity at the column ends. The total increase in axial and shear capacity of the 
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column as a result of the FRP was estimated as 35% and 250% respectively when calculated in accordance with 
ACI440.2R-08 (American Concrete Institute, 2008).  
 
A summary of the material properties of the FRP and adhesives used in the repair are summarized in Tables 2 
and 3. Prior to application of the FRP to the concrete surface, the corners of the column were rounded to achieve 
a minimum radius of 25mm. A mechanical abrasion technique was used to remove the weak layer of cement 
laitance adhering to the surface of the concrete and achieve a surface roughness similar to 60 grit sandpaper. The 
surface was cleaned to remove any dust prior to application of the FRP. The FRP was applied using a wet-lay-
up technique where each layer was thoroughly impregnated with resin prior to application to the column. The 
repairing process was performed while the column was still under the MAST system and subjected and 
supporting an axial load corresponding to 130 kN. The CFRP was cured at 50 °C for 7 days using heat lamps 
prior to testing (refer Fig. 8). 
 
Table 2. Summary of FRP material properties 
Properties MBrace CF230 Units 
Tensile Strength 4900 MPa 
Tensile Modulus 230 GPa 
Ult. Elongation 2.1 % 
Thickness 0.227 mm 
 
Table 3. Summary of saturant and primer material properties 
Properties Saturant Primer Units 
Resin Type Epoxy Epoxy - 
Specific Gravity 1.12 1.08 - 
Modulus of Elasticity >3.0 0.7 GPa 
Tensile Strength >40 >12 MPa 
Compressive Strength >80 - MPa 
  
  
 
a) Repair of the initial column (Top) 
  
b) Repair of the initial column (Base) c) Repaired column 
Figure 8. CFRP repair of the column previously damaged in sequential hybrid simulations  
 
The hybrid simulation test started with applying 221.26kN gravity load on the specimen followed by 
bidirectional sequential ground motions. The intensity levels included the same previous four levels of 0.6, 4.0, 
8.0, 9.0 and an additional level of 10.0 that pushed the structure to 0.25%, 2.0%, 4%, 6%  and 8% maximum 
inter-story drift ratio, respectively. All the sequence of loading was performed and automated through OpenSees 
(2015), OpenFresco (2015) and MATLAB (The MathWorks Inc., 2014). Considering 117msec delay in the 
hydraulic system, 500msec was specified as the simulation time step to provide sufficient time for integration 
computation, communication process, actuator motions and data acquisition. This scaled the 60 second of 
sequential ground motions in real time to a 6 hours test in laboratory time. Note that, slow loading of the 
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structure is important so as not to excite its inertial and damping properties, which are already accounted for 
computationally.  
 
Figure 9 summarizes the hybrid simulation test results including the comparison of hysteresis in X and Y axes 
and axial force time history in Z-axis. Compared to the initial column, it can be observed that the repaired 
column has lower strength in low level deformations as a result of buckling of longitudenal rebars exsited from 
the initial damage. In large deformations, however, the repaired column shows similar strength and 
improvement of stiffness, which is due to the increase of ductility by confinement of concrete using CFRP 
wraps. 
 
 
 
 
 
 
  
a) Comparison of shear versus drift-ratio, 
X-axis 
b) Comparison of shear versus drift-ratio,  
Y-axis 
  
c) Axial load time history with a close-view of applying the gravity load, Z-axis 
 
 
 
Repaired 
Repaired 
 
Figure 9. Comparison of hybrid simulation test results for initial and repaired columns 
 
 
CONCLUSIONS 
 
Hybrid simulation is a cost-effective method for experimental testing of large-scale structures. This paper 
introduced Australia’s first hybrid testing facility, referred to as the Multi-Axis Substructure Testing (MAST) 
system, for cost-effective large-scale testing of structural components. The system was used in application for 
seismic performance assessment of a CFRP-repaired limited-ductile RC column that was previously damaged in 
similar hybrid simulation test series. The repaired column showed comparable strength and improved stiffness 
compared to the initially damaged column in large deformations.  
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